Introduction
The sequence determinants of a prokaryotic promoter, i.e. the -10 and -35 regions, and, to a lesser degree, other sequences located further upstream or downstream, dictate its kinetics of association with RNA polymerase and the efficiency of mRNA initiation (Hawley and McClure, 1983; Deutschle et al., 1986) . A transcriptional activator is sometimes required to increase the synthesis of a given gene product. The catabolite activator protein (CRP) is a classical example. Complexed with cAMP, this protein binds to an upstream site in many Escherichia coli promoters to activate transcription (de Crombrugghe et al., 1984) . This binding has been shown to induce a bend in the DNA (Kolb et al., 1983; Wu and Crothers, 1984) . Does (Wu and Crothers, 1984; Busby and Buc, 1987; . More generally, stretches of poly(dA), known to cause DNA bending, have been reported upstream of strong promoters (Galas et al., 1985; Plaskon and Wartell, 1987) and in some cases mutation analysis or genetic selection indicated that they were important for promoter strength (Banner et al., 1983; Lamond and Travers, 1983; Bossi and Smith, 1984; Gourse et al., 1986; Bauer et al., 1988; Achberger, 1988, 1989) .
To address a similar issue, we decided to carry out more drastic experiments. The E.coli gal control region was deleted of its -35 region and of its CRP binding site located at -40. It was first shown that the whole upstream part of this sequence could be efficiently replaced by inserts containing the lactose CRP binding site. Reactivation of one of the two overlapping promoters occurred in a cAMP dependent manner and was optimal when the centre of the site was positioned with respect to the transcription start as in the original lac promoter (at -60, i.e. two helix turns upstream from the gal CRP binding site). In a second step, similar constructs were made using various synthetic and natural DNA sequences known to be curved. Our results indicate that some of these sequences could promote transcription better than the original CRP activated wild-type promoter in vivo. This enhancement of transcription may represent an important biological role played by curved DNA sequences.
Results
We used the gal promoter of E. coli for our study. The organization of this promoter is shown in Figure la . It is actually composed of two overlapping promoters P1 and P2, both active in vivo. The -35 sequence at P2 is weak and the corresponding region for P1 strongly deviates from the consensus. The CRP protein, upon binding to a site centred at -41.5 bp from the P1 start, stimulates transcription in vivo, inhibiting P2 and activating P1. The presence of two Pribnow boxes, separated by 5 bp, increased our initial chances of correctly positioning potentially crucial elements with respect to these two promoters.
Construction of the synthetic promoters
In the plasmid pAA187, the gal promoters control the expression of the structural genes of the lactose operon. We used deletions which created a SmaI site and removed upstream sequences either from the -24 (A807) or from the -27 (zA420) position (+ 1 being the P1 start of transcription, see Figure la ) (Busby et al., 1983) . Sequences inserted in the SmaI site of A420 and A807 are listed in Figure lb . We chose the lac-CRP binding site (sequence I) to check whether both truncated gal promoters, P1 and P2, could be activated by another CRP binding site. Sequences II and III consist of tandem repeats (x 8) of a 10mer, flanked by residual pBR322 sequences. This 10mer is either 4A10: 5'-GACAAAACTC-3' (which has been designed to phase at 10 bp intervals consecutive dA stretches in the polymer) (Diekmann, 1987) . Sequence IV is a tandem repeat (x 3) of 21 bp studied by Ulanovsky and colleagues which contains alternating stretches of 5 and 6 dAs at 10.5 bp intervals (Ulanovsky et al., 1986) . Measurements of k factors (ratio of the apparent length of a DNA fragment as deduced from its mobility to its actual length) indicated a more intense curvature for this sequence than for sequence II (Diekmann, 1987) . Sequence V represents an AT rich region found upstream of the SpoVG promoter in Bacillus subtilis, which has been shown to be an important determinant of this promoter and to migrate abnormally in electrophoresis (Banner et al., 1983) . This sequence was only inserted in A420. The blunt end cloning procedure was used to generate plasmids with sequences inserted in the two possible orientations.
In vivo strength of the hybrid gal promoters 7he lac -CRP constructs. Three synthetic promoters were characterized for this study. The corresponding sequences from +1 to -76 are shown in Figure 2 . Two of these promoters, CRP-A807, CRP-A420 were expected from our original design. The third promoter, CRP-A807' is a mutant of CRP-A807 having a 1 bp deletion at position -30 (part of the SmaI cloning site). These plasmids were used to transform a Alac cya strain. fl-Galactosidase assays were performed in the absence or presence of cAMP in the growth medium to measure the in vivo strength of these promoters as well as the extent of activation by the cAMP-CRP complex (Table I) . These constructs could be activated by the cAMP-CRP complex by roughly the same factor (4-6
4T-A420 and 4T-A807, gave intermediate levels of 3-galactosidase (42 and 29%) . Nevertheless, 4T-A807 was five times more active than its control IT-A807, whereas 4T-M420 and lT-A420 gave identical results. Interestingly, the Ulanovsky sequence in each of the four plasmids, 5A/6A-A420, 5T/6T-A420, 5A/6A-A807 and 5T/6T-A807 were totally inefficient as upstream promoter elements (-10% of the wild-type activity). Similarly, SpoVG-A420 could not restore a Lac + phenotype (20% of the wild-type activity). Thus, a subset of the curved DNA sequences appeared to be responsible for a strong promoter activity. The origin and the amount of the transcripts were again determined by the primer extension method (Figure 3 ). The relative intensities of the extended chains were in qualitative agreement with the results of the [B-galactosidase assay considering the three times better translational efficiency of the mRNA originating at P2 versus P1 (Queen and Rosenberg, 1981; Dreyfus et al., 1985) . Since the plasmid copy number did not appreciably change among all the constructs, we attributed the observed stimulation by some of the curved sequences to a direct transcriptional effect. Both promoters could then also be specifically and strongly activated by curved DNA sequences: P1 in 4A-A807, P2 in 4A-A420 and to a lesser extent in 4T-A807.
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Pi -qo times). The start and the amount of the mRNA transcripts originating from these hybrid promoters were then determined by a primer extension method using total RNA synthesized in vivo in a parent cya+ strain, Ml82recA (see Materials and methods for genotype) ( Figure 3 ). For each construct, one or two main bands are observed corresponding either to a P1 or to a P2 start. CRP-A807 and CRP-A807' corresponded excusively to a P1 start whereas P2 was utilized in CRP-A420. Thus, both truncated promoters could be activated by the cAMP-CRP complex through a properly positioned binding site (59.5 -61.5 bp instead of 41.5 in the wild-type P1 gal promoter).
The bent DNA sequences. The sequences of the hybrid promoters constructed with these curved DNA fragments are listed in Figure 4 . The corresponding plasmids were used to transform M182 recA. Phenotypes and 3-galactosidase activities associated with each construct are indicated in Table II We were able to isolate two mutants, 4A-5807' and SpoVG-A420', in which a single base pair deletion was fortuitously created at the SmaI junction (see Figure 4 ). The effect of this deletion on the in vivo strength of these two promoters was remarkable, increasing their efficiency by a factor of 3-4.5 (Table III) . 4A-A807' now corresponded to a promoter almost three times as active as the CRP induced wildtype gal promoter and SpoVG-A420' was nearly as efficient as wild-type. The mRNA analysis revealed that 4A-A807' was still utilizing gal P1 and that SpoVG-z420' originated transcription at P2 (Figure 3 ).
Effect of the DNA superhelicity in vivo on the activation by curved sequences
The in vivo strengths of the wild-type and some hybrid promoters were tested in a top-and a gyr-genetic background by performing ,B-galactosidase assays (Table IV) . Activation by the curved sequences consisting of the 4A10 polymer (in 4A-A807 and 4A-5807') and of the SpoVG upstream element (in SpoVG-A420 and SpoVG-A420') was observed in the three different genetic backgrounds. In the gyr-allele, no significant difference in the amount of activation was observed. With the top-allele, the extent of the stimulation was significantly modulated by the degree of superhelicity only in the case of SpoVG-A420 and SpoVG-A420', where an increase in negative supercoiling weakened the activation by 60%. bExpressed as percentage of the ,B-galactosidase activity measured in the wild-type strain (2800 units).
Ccf. Figure 3 .
Other experiments were performed in parallel in vitro by comparing the relative affinity of several DNA binding proteins for curved versus straight sequences. Gel retardation assays showed that the E. coli DNA binding protein H1 (Spassky et al., 1984) had a better affinity for the (4A10)8 sequence than for the (lA10)8 sequence (Figure 6 ). To a 4292 L.Bracco et al. Distance (bp) aExpressed as percentage of the ,B-galactosidase activity measured in the wild-type strain (2800 units). sites are 59.5 and 60.5 bp). In the case of the lac promoter, two reports (Mandecki and Caruthers, 1984; Straney et al., 1989) indicated that the insertion of S bp, i.e. half a turn of B-DNA helix, between the CRP binding site and the -35 region prevented CRP activation. This activation was partially restored when 11 bp replaced the 5 bp insertion. Deletions and insertions of 1 or 2 bp also modulated the activation of CRP (Mandecki and Caruthers, 1984) . A more extensive study of our hybrid constructs will be reported elsewhere.
We have demonstrated that naturally bent sequences could activate transcription in vivo in place of a CRP site when positioned upstream of the same gal Pribnow boxes. The most striking example, 4A-A807', was 20 times more efficient than its corresponding negative control, IA-A807. This activation could affect both promoters, gal P1 and gal P2. The same sequence (II, see Figure 2) (Horwitz and Loeb, 1988; Jacquet and Ehrlich, 1985) , it was essential to show that no element present in the IA sequences led to significant promoter activity. Finally, sequence II can be inserted in the opposite orientation placing the dA stretches on the other strand, and still lead to a significant activation (cf. 4T-A807).
In general, the gal control region appears very suitable for such replacements, as also shown recently by Chan and Busby (1989) .
It is possible to score the promoter strength of P1 and P2 in the various constructs as a function of the distance of the first curved motif to the two starts, taking into account not only the positive outcomes but also the negative results (no significant activity). As shown in Figure 4 , there is a narrow window of spacings leading to activity when distances, taken from the 3' end of the dA stretch closest to the transcription starts are < 40-43 bp > . In the most active promoter, 4A-A807', this interval is 42 bp. However, three constructs lie in the corresponding window and fail to yield marked stimulation, SpoVG-A420, SA/6A-A420 and SA/6A-A807 (all with respect to P2). None of the constructs derived from the Ulanovsky sequence yields an active promoter. The stronger curvature observed with these upstream elements may be detrimental to the activation. Another almost equivalent way to look at the problem is to position the centre of the gal P1 CRP site (at -41.5) or of the CRP site which would activate gal P2 (at -46.5) with respect to the bent sequences which stimulate a given promoter. This is done in Figure 4 . One finds that in the activated constructs, the 3' end of the first A stretch, which has been associated with a more pronounced bend in the so-called junction model (Koo and Crothers, 1988; Koo et al., 1986) that the curvature associated with these upstream elements may allow additional polymerase-DNA contacts which would be responsible for the observed effects on promoter function. Some of our results could be interpreted in the same way. We note that the 3' proximal dT in the promoter 4T-A807 is located 57 bp away from the activated start, i.e. 15 bp upstream (or 1.5 helical turn of B-DNA) from the 3' position of the 4A sequences which activate the 4A-A807' promoter (cf. underlined numbers in the two last columns of Figure 4 ). When dA stretches have been replaced by dT stretches, we would have precisely expected such a correlation if the primary determinant for activation was the rotational orientation of the curved DNA sequence. The proper positioning of bent upstream elements is of the upmost importance for promoter function. A 1 bp insertion completely destroyed the ability of the SpoVG sequence to activate transcription and reduced the ability of the 4A10 motif to act as an upstream promoter element (see Table III ; Figure 3 ). In the same line of reasoning, we note that negative superhelicity sometimes modifies the relative activation in vivo by curved sequences suggesting that untwisting affects phasing. Thus, there is a similarity between this activation and the activation by the CRP protein: both P1 and P2 promoters can be stimulated in vivo in both instances and the location of the An stretch and of the CRP binding site effectively modulates this phenomenon. However, this analogy stopped when in vitro experiments were performed. With the CRP constructs, the amount and start of the transcripts were in total correspondence with the in vivo results whereas these were not matched with the hybrid promoters containing the bent DNA sequences.
Several laboratories have studied the influence of naturally occurring A or T stretches positioned upstream of -35 regions on promoter efficiency. None of the activation effects were as large as the ones reported here. In many reports, only in vivo experiments involving mutations and deletions have been performed (Lamond and Travers, 1983; Gourse et al., 1986) but, in three instances, in vitro studies supported the in vivo data. Bossi and Smith (1984) reported a 2-fold activation of the his tRNA promoter by upstream bent sequences in Salmonella typhimurium. A 3 bp deletion destroyed the curvature and the activation as well. This result could be reproduced in vitro using E. coli RNA polymerase. Another study (Banner et al., 1983) demonstrated the positive effect, in vivo, of bent upstream sequences on the two SpoVG promoters P1 and P2 in B.subtilis. Run-off experiments in vitro on linear templates using a mixture of the &7 and &2 factors associated to core RNA polymerase confirmed their in vivo data. As mentioned above, McAllister and Achberger (1988) have investigated the influence of three phased poly(dA) stretches on two B.subtilis promoters. In vivo, such sequences activated one of the two promoters but weakened the second one. These effects could be somewhat qualitatively reproduced in vitro using the major a43 B.subtilis RNA polymerase. In the case where the dA stretches acted as positive elements, the use of supercoiled templates in vitro partially compensated for the lack of these upstream sequences. Contrary to these reports, and in spite of numerous attempts and changes in experimental conditions, we could not find an in vitro system where the in vivo results could be reproduced using E. coli d70 RNA polymerase and linear or supercoiled templates. We can invoke four explanations for this negative result.
First, a very specific range of superhelical density of the template could be required to lead to promoter activation. Cases are indeed known where the strength of a given promoter is increased in a rather narrow range of negative supercoiling (cf. e.g. Brahms et al., 1985) . We are pursuing along these lines in vitro experiments. Second, it is still possible but less likely that the enzyme operating on these templates in vivo is not the major form of RNA polymerase. Preliminary in vivo experiments disfavour a specific recognition of these sequences by &2, the heat shock sigma subunit, but other minor forms have not been investigated.
Third, auxiliary factors present in the E.coli chromoid could bind to these upstream sequences and be essential for the proper positioning of RNA polymerase (cf. better affinity shown above of factor H1 for the 4A10 sequence as compared with lA1O). They could act directly as activators, or release a prior inhibition due to improper RNA polymerase positioning. In the above mentioned studies by Bosssi, by Banner and by McAllister, activation could be reproduced in vitro without additional factors. It is not unlikely that, in our case, both a change in negative superhelicity and the addition of at least one factor are required to observe a significant activation in vitro.
Fourth, the situation could be even more complex if the bent sequences prevented the formation of a chromoid structure within the cell which could facilitate the access to the promoter. In yeast, two reports (Russell et al., 1983; Chen et al., 1987) indicated that poly(dA-dT) could act as upstream transcriptional activator and that the probable reason for this effect was a displacement of the chromatin structure around the promoter. Indeed, this activation could not be reproduced in vitro either. More recently, A.P.Wolffe and H.Drew (unpublished data) have reconstituted chromatin on closely related DNA fragments containing curved sequences and found that the positioning of nucleosomes was strongly affecting transcription.
Whatever the explanation is, we want to emphasize that the effects reported here are very large and that they afford the possibility of a genetic analysis of the partners involved. Goodman and Nash (1989) have recently demonstrated that a sequence-directed bend could substitute for a protein induced bend (via IHF) in the integration process of X. Similarly, our results show that the cAMP-CRP complex could be efficiently replaced by curved sequences in the activation of two overlapping promoters.
Materials and methods
Constructions of hybrid promoters and nucleic acid techniques Sequences H, III and IV listed in Figure lb are EcoRI -Hindlll fragments extracted from plasmids pKIA108, pK4A108 and pK5/6A216 described by S. Diekmann (1987 and personal communication) . The sequence V corresponds to the EcoRI-HindlIl fragment extracted from plasmid pCB5162 (gift from Richard Losick) which contains the A/T rich upstream region of promoter SpoVG cloned in pBR322 (Banner et al., 1983) . The sequence I has been generated by joining a blunt-ended BstEII linker to the HhaI -BstNI fragment of the lac promoter sequence (Douc-Rasy et al., 1989) . It contains the quasi-palindromic CRP binding site. All five fragments were blunt-ended with the Klenow fragment.
The vector plasmids pAA187A807 and pAA187A420 are described in Busby et al. (1983) . Each bears an EcoRI -HindIII fragment 72 and 75 bp long respectively, containing the deleted gal promoters which control the expression of the lac operon. Their unique SmnaI site served for the blunt end ligations of the five fragments listed in Figure lb . The ligation products were transfected in M182recA. Selective growths were performed on MacConkey lactose agar plates supplemented with 100 jig/mi ampicillin.
On this medium the original plasmids give rise to Lac-white colonies while plasmids having recovered a functional promoter give red Lac+ colonies. Minilysates from these colonies have been examined for the presence of insertions by measuring the apparent size of the EcoRl-HindI fragments. Orientation of the insertions have been determined by end labelling the plasmids at the EcoRI site and looking for the length of the labelled fragments generated by a convenient secondary restriction (BanI for sequence I, AluI for inserts II, III and IV, and DraI for the sequence V). Selected constructs were sequenced according to the dideoxy procedure using MMLV reverse transcriptase or the Sequenase kit provided by US Biochemicals Corporation. Table V lists the strains which have been used in this study.
Strains
Strain M182 was a kind gift from S.Busby. P1 co-transduction of Acya854 with ilv::Tn5, selecting for kanamycin resistance and cya-character led to strain M182Acya (the donor strain is described in Ebright et al., 1984) .
The gene coding for topoisomerase I is located between pyrF and the trpEDCBA operon. M182 and M182,Ac'a were then rendered trp-and TcR by insertion of a TnJO transposon in the trp operon. P1 transduction from KZ43 (pyrF) and KZ44 (pyrF toplO) (both gifts from J.Wang) and selection for the trp+ -pyr-characters in derivatives of strain M182 led to strains T13, T14 and T23. The top-character of strain T23 was checked by a published procedure (Sternglanz et al., 1981 
